Efficiently exciting the Nitrogen-Vacancy color-center in a diamond with a green light and collecting the emitted near-infrared fluorescence is critical for spin-based quantum sensing at room temperatures. Here, we experimentally demonstrate a simple and robust fiber-optics based method to achieve simultaneously efficient excitation and fluorescence collection. Fiber optic systems usually have limited Numerical Aperture (NA) while our method mitigates this "bottleneck". We use a simple technique to fabricate a suitable micro-concave mirror that focuses the scattered excitation laser beam back into the diamond located at the focal point of the mirror. At the same instance, the mirror also couples back the fluorescence light exiting out of the diamond opposite the direction of the optical fiber into the optical fiber within its light acceptance cone, otherwise, it would have been lost. Our proof-of-principle demonstration achieves a 25 times improvement in fluorescence collection compared to not using any mirror. Additionally, we made the NV sensor system compact by replaced some bulky optical elements in the optical path with a 1 × 2 fiber optical coupler in our optical system. In addition to reducing the complexity of the system, this also provides portability and robustness, these added features potentially promote unique application fields those were previously inaccessible.
Efficiently exciting the Nitrogen-Vacancy color-center in a diamond with a green light and collecting the emitted near-infrared fluorescence is critical for spin-based quantum sensing at room temperatures. Here, we experimentally demonstrate a simple and robust fiber-optics based method to achieve simultaneously efficient excitation and fluorescence collection. Fiber optic systems usually have limited Numerical Aperture (NA) while our method mitigates this "bottleneck". We use a simple technique to fabricate a suitable micro-concave mirror that focuses the scattered excitation laser beam back into the diamond located at the focal point of the mirror. At the same instance, the mirror also couples back the fluorescence light exiting out of the diamond opposite the direction of the optical fiber into the optical fiber within its light acceptance cone, otherwise, it would have been lost. Our proof-of-principle demonstration achieves a 25 times improvement in fluorescence collection compared to not using any mirror. Additionally, we made the NV sensor system compact by replaced some bulky optical elements in the optical path with a 1 × 2 fiber optical coupler in our optical system. In addition to reducing the complexity of the system, this also provides portability and robustness, these added features potentially promote unique application fields those were previously inaccessible.
Negatively charged Nitrogen-Vacancy (NV) color center in diamond is a promising candidate for both quantum information processing 1,2 and spin-based quantum sensing of magnetic fields [3] [4] [5] 8, 31 , electric fields 7,9 and temperatures [10] [11] [12] [13] . To advance the use of NV center in both applications, efficiently exciting the color center and collecting its fluorescence are demanded, especially a high fluorescence collection efficiency would benefit precision sensing. Research efforts have been taken to meet these demands and some achievements have been reported 14 . For example, a circular grating or a solidimmersion-lenses have been fabricated on the single crystal diamond substrate itself to direct and extract the fluorescence out of the diamond, thus the fluorescence can be collected more efficiently [15] [16] [17] [18] ; micro/nanoresonator cavity and tapered optical fiber have been used to enhance both the NV center's fluorescence emission and coupling out efficiency [19] [20] [21] [22] [23] [24] [25] [26] [27] . Optical antennas and plasmonic structures have been also used to enhance the local light field density thus improving the fluorescence emission efficiency, (the Purcell effect) to enhance fluorescence collection from the NV center in diamond 14, [28] [29] [30] . Here, we demonstrate a simple method to enhance the excitation efficiency and also fluorescence collection from an NV center rich micrometer-sized diamond attached to an optical fiber. This single-port sensor offers flexibility for applications that require field-measurements in non-standard locations (eg. magnetic endoscopy, subcutaneous measurements). Our technique is based on using a micro-concave mirror to reflect and focus the excitation laser light into the diamond located at the focal point of the micro-concave mirror. At the same time, the micro-mirror also reflect and focus the fluorescence scattered out of the diamond into the optical fiber within its acceptance angle thereby increasing the effective numerical aperture of the light collection system. In a proofof-principle demonstration experiment, we collected over 25 times higher fluorescence intensity from the diamond located at the focal point of an Aluminum (Al) foil microconcave mirror than that from not using any mirror. Although we only demonstrated the micro-concave mirror for enhancing excitation and fluorescence collection of NV ensembles in micrometer-sized diamond, we believe this method can also improve laser excitation and fluorescence collection of single NV centers and other solid-state quantum emitters such as Silicon-Vacancy centers in diamond, quantum dots, and rare-earth ions. In addition, we simplified the optical fiber-based NV sensor system by using a fiber optical coupler to replace the bulk lens and dichroic filter based optical path splitter. This replacement can reduce the complexity, enhance the portability, and improve the robustness of this optical-fiber-based NV system; which will potentially boost its application fields.
The micro-concave mirror fluorescence exiting and collection working principle schematic diagrams and its ray optics simulations are shown in Fig.1 . Fig.1 show that after exiting the optical fiber, except for a small portion of the laser light being absorbed by the NV centers, most of the laser light will pass the diamond; a micro-concave mirror (locates with its focal point at the diamond center), will reflect and focuses the pass laser light back into the diamond to excite the NV centers again, thus enhancing the excitation efficiency. Simultaneously, reflect and focuses most fluorescence hit it back into the optical fiber within its acceptance cone, thus enhancing the fluorescence collection efficiency (Fig.1 (b) and (d) ). The micro-concave mirrors are fabricated by using a tip-sphered optical fiber lightly pressing the center of a thin aluminum foil (Al foil, ∼15 µm in thickness, purchased from a local supermarket) that is glued on a center-empty thick plastic sheet. Tip-sphered optical fiber is fabricated by arc discharging heating a broken optical fiber tip prepared by heating while stretching in an electric fusion splicer. As the tip shape can be partially adjusted by adjusting the stretching force, the arc discharging current for breaking the fiber and the arc discharging current to form the sphere tip, the shape and focal length of the mirror are partly adjustable. Fig.2 (a), (b) and (c) show scanning electron microscope images of two tip-sphered optical fibers and one fabricated aluminum micro-concave mirror. Fig.2 (d) shows one fabricated aluminum micro-concave mirror focused the illumination light and formed a bright spot in an optical microscope image. Experimental setup for the micro-concave mirror NV center 's fluorescence excitation and collection enhancements assess. The inset shows the detailed set of the diamond, the aluminum micro-concave mirror (Al foil) and the microwave conducting copper wire (RF coil). In the optically detected magnetic resonance (ODMR) scanning experiments: when no lock-in amplifier is used, the dashed line was connected instead of the three double-solid lines, and the photodiode was read by the data acquisition (DAQ) card; when the lock-in amplifier is used, the three double-solid lines were connected instead of the two dashed lines, and the photo-diode was read directly by the lock-in amplifier. We used the Fig.3 setup to assess the NV center fluorescence excitation and collection efficiency enhancing. After passing through a 532-nm clean filter, the excitation laser (solid arrows in Fig.3 ) is coupled into the 10 output port of a 90:10 1 × 2 fiber optical coupler ( Beijing XingYuan AoTe technology Co., Ltd, China) by an objective (10×, NA=0.1); ∼10% of its power is guided to the ∼8-um diamond glued with UV curing glue on the center of the sphered end of the graded index multi-mode fiber (GIF625, Thorlab). Collected by the same optical fiber end, the fluorescence (dashed arrows in Fig.3 ) is guided back into the input port of the fiber optical coupler; ∼90% of its power will pass the long-pass (LP) filter (cut wavelength 615nm) and finally reach the optical spectrometer (BTC655, B&W tek, USA) or photo-diode (APD430A/M, Thorlab) (OS/PD in Fig.3) .The micro-size diamond is crushed from NV centers enriched HPHT (high pressure,high-temperature) type-Ib single crystal which was electron-irradiated and subsequently annealed. The aluminum micro-concave mirror is mounted on a position adjustable XYZ three dimension stage facing the diamond on the sphered fiber end (inset of Fig.3 ). For switching between accessions without using a lock-in amplifier and using a lock-in amplifier, connections shown by the dashed line and doublesolid lines in Fig.3 were switched.
We recorded the collected spectra of the diamond on the sphered fiber end in three different configurations: I. not using any mirror (the diamond is far away from the mirror), II. facing an aluminum flat mirror (the di- Figure 5 . 20 times averaged ODMR spectra of a ∼8-µm diamond glued on a sphered optical fiber end in different configurations: (a) in an aluminum micro-concave mirror enhanced configuration, and (b) in a not using any mirror configuration. Insets are enlarged spectra of nitrogen hyperfine splitting of the NV centers. All other conditions including the laser power( ∼ 0.49 mW) and magnetic field (∼1.52 mT) are the same. A lock-in amplifier has been used in the ODMR measuring.
amond is facing the flat section of the mirror), and III. facing an aluminum micro-concave mirror (the diamond is approximately located at the focal point of the microconcave mirror). The results are shown in I, II and III of Fig.4 (a) . The laser power of the sphered fiber end was ∼0.49 mW. Compare with not using any mirror, over 25 times more of fluorescence have been collected in the facing an aluminum micro-concave mirror configuration (I and III in Fig.4 (a) ). We also placed a magnet nearby and a microwave coil (RF coil) circling near the diamond, then scanned the optically detected magnetic resonance (ODMR) in both the not using any mirror and the facing micro-concave mirror configurations. Fig.4 (b) and (c) show the results obtained without using a lock-in amplifier. And Fig.5 shows the results obtained when using a lock-in amplifier to modulate the microwave amplitude (at a frequency of 25 KHz and a depth of 100%) and to read the signal directly from the photo-diode. When the lock-in amplifier is not applied, in the facing the microconcave mirror configuration, we can easily obtain the ODMR spectrum in a single shot (Fig.4 (b) ); while in the not using any mirror configuration, we can almost only get noise in a single shot at the same excitation laser power (Fig.4 (c) ). When the lock-in technique was applied, we obtained the ODMR and even the Nitrogen hyperfine of the NV center in the ODMR spectra (inset in Fig.5 ) in both the configurations. Compare with not using any mirror, we can get much lower noise signals in the facing the micro-concave mirror configuration. (Fig.5) . In Fig.5 (a) , when the micro-concave mirror was used, the collected fluorescence intensity is high and the ODMR contrast (DC signal have been filtered) is much higher than the auto offset level of the lock-in amplifier (∼1.5×10 −5 V), the signal processing of the lock-in amplifier will lead the resonance peaks point upward and the whole signal level is above the auto offset level. While in Fig.5 (b) , as the micro-concave mirror was not used, the collected fluorescence intensity is low and the contrast of the ODMR is lower than the auto offset level of the lockin amplifier, thus its ODMR peaks point downward and the whole signal level is below the auto offset level. The fabrication of micro-concave mirror on aluminum film is simple and direct forward, but its relatively large size (bigger than the optical fiber diameter) will reduce the compactness of the optical fiber-based diamond NV center system. To solve this issue, we fabricated a microconcave mirror on an optical fiber directly facing the diamond by first etching the graded index fiber GIF625 flat end face with 40% hydrofluoric acid for about 1 minute and then coating it with a gold film. Fig.6 (a) shows the scanning electron microscopic image of one fabricated onfiber micro-concave mirror. Fig.6 (b) shows a optical microscopic image of one ∼10µm diamond (take from NV enriched HTHP synthetic monocrystalline diamond powders) on the center of a flat optical fiber end facing an onfiber micro-concave mirror in a glass tube, under the optical fiber guided 532-nm laser light illumination. We obtained a fluorescence excitation and collection efficiency enhancing of 10-fold for such a configuration. Because the etching has not formed the mirror in good shape for focusing the laser into the diamond and the fluorescence backing into the light acceptance cone of the fiber, the efficiency enhancement is not so high. We believe that through optimizing the etching parameters or directly using other more controllable micro-fabrication techniques such as femtosecond-laser-enhanced local wet etching 32 , CO 2 laser ablation 33, 34 , CO 2 laser ablation and subsequent reactive ion etching 35 , to form optimized shaped on -fiber micro-concave mirrors, for example, a parabolic shape (parabolic reflector) on the fiber end, this compact design also can achieve a high-efficiency enhancement.
Besides, combine the micro-concave mirror with other fluorescence collection enhancing techniques such as solid immersion lens (SIL) 17, 18 , circular Bragg grating 15, 16 , and high numerical aperture photonic crystal fiber 31 , can further enhance the fluorescence collection efficiency of NV center or other solid-state emitters. For example, Fig.6 (c) shows the working principle schematic diagram of combining a parabolic shape micro-concave mirror and a fluorescence extracting solid immersion lens to further enhance the diamond NV center's fluorescence excitation and collection.
In conclusion, we have demonstrated a simple method based on using a micro-concave mirror to enhance the laser excitation and also fluorescence collection in an optical fiber-based NV quantum sensor system. Using this technique, we experimentally collected over 25 times more fluorescence from a NV enriched micrometer-sized diamond attached to an optical fiber end than that from not using this technique. Due to this mirror efficiency-enhancing, we have obtained a much better ODMR signals from the fiber-based NV quantum sensor in a magnetic field than that from not using any mirror. This efficiency-enhancing technique can be used solely or combined with other exist fluorescence collection enhancing techniques, such as solid immersion lens (SIL) and circular Bragg grating, to further improve laser excitation and fluorescence collection of NV center in diamond or other solid state quantum emitters such as silicon-vacancy center in diamond, quantum dots, and rare-earth ion-based color centers. Additionally, we demonstrated that using a 1 × 2 fiber optical coupler to replace the bulky optical elements based optical path splitter in the fiber-based NV quantum sensor system, can reduce the sensor systems' complexity and enhance its portability and robustness. 
